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BASE CERAMALS CONTAINING NICKEL OR IRON 

By  A. L. Cooper and L. E. Colteryahn 

SUlMARY 

Titanium carbide  base  ceramals  containing  nickel o r  i ron  were inves- 
tigated  for  elevated-temperature  properties. The properties  studfed were 
oxidation, modulus of rupture,  'tensile  strength,  and  themal-shock 
resistance.  In addition  to  the  elevated  temperature  properties the 
metallographic  structure was studied. 

In  oxidation,  unalloyed titanium carbfde and the nickel and i ron 
ceramals were found t o  follow general  oxide growth LEtwa. These materials 
exhibited two stages of oxidation,  the  second  approximating  the p&rabolic 
growth law.  Although nickel  ceramals  exhibited better oxidation  proper- 
t ies  than  the  iron  ceramals,   the  addition of e i ther  metal t o  t i tanium 
carbide  in  general  decreased  the  oxidation  resistance; however, the  oxide 
adherence  and  crack  resistance of both  ceramala a t  180O0 F ami af nickel  . ceramals at 200O0 F were greater.  

* 

Tensile tests conducted a t  20000 F shared the following strengths 
a .  i n  pounds per square  inch: 13.3 -weight-percent  nickel  ceramal, 16,150; 

11.8-weightipercent  iron  ceramal, 1 2 , 5 O O j  highest value  obtained  for 
unalloyed  titanium.  carbide, 16,450. Greater additions of either nickel  
or  iron  decreased the tensile strength. 

Nickel o r  iron  additions  to  t i tanium  carbide greatly increased  the 
thermal-shock  resfstance;  nickel was found t o  be the more effect ive 
addi t ive . 

Microscopic study of ceramal. tensile and thermal-shock fractures 
revealed that the path of fracture  progresses  approximately 50 percent 
i n t e rg ranuhr ly  and 50 percknt  transgranularly. 

Y 

. Since  the  advent of the  aviation  gas-turbine  engine,  the  superalloys 
have  been u t i l i z e d   i n  engine components subjected  to   the  hot  combustion 
gases. The desire   to   ra ise   the  operat ing t.emperature of  the  engine beyond 



2 

rn 

those  attainable  with  the  superalloys has created.  new  mat-erial problem. 
These problem are"at  present .beiq attacked  .by  v+rious  widely  dif'ferent 
approaches.  One  approach  is to.coo.Lthe superalloys in such a manner 
tHat  they may be exposed  to  the  higher  temperatures  (reference 1); 
another  is to search  for a more  refractory  material to replace  the  super- . . . .  fi 
alloys. . .  

.I 

. . . . . .   . . . . .  . . . . .  . . . .  . . .  . .  .sL 
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Ceramic- and ceiwma~ (ceramic  plus  metal)  materials  have  been  inves- 
tigated.because of their  refractory  nature  and  because  they  are  less - 

strategic  than  superalloys.  Studies of the  use of cobalt,  tungsten,  and . . .  

molybdenum  as  addition  metals in titanium  carbide  base  ceramals  have - 
shown promising  properties for the  coba1t;bonded  bodies  (references 2 
and 3). 

.. 

" 

- 

An  investigation has been  conducted-at  the UACA Lewis laboratory to . . . . . .  

determine. the effect af addition8 of the  lees  strategic  metals,  nickel 
or iron, on the  properties  of  titanium  carbide.  The  effect-s.of  the 
nickel  and  iron  additions  on  microstructure  and  density,  oxidation 
resistance,  modulus of r,upture,  tensile  strength,  and  thermal-shock 
resistance of titanium  carbide  were  investigated.  Bodies  produced  by 
the  cold-press  and  the  hot-press  techniques-  were-  studied.  The  fracture 
paths  through  bodies  tested  in  tension  and  thermal  shock  were  studied 
metallographically  in an effort.  to  determine  whether  the  carbide or the 
metal  phase was controlling  properties. I .  
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MATERIAL AMD SPEClMEN HISTORY 

The  specimens  evaluated in this  investigation  were-commercially 
fabricated.  Cold-pressed bodies were  prepared  with  titanium  carbide, . 

containing 19.90 weight percent  conibined  carbon,  and  hydrogen-reduced . 

nickel or iron. Hobpressed bodies  were  prepared  with  titanium  carbide, 
containing 19.2 to 20 weight  percent  combined.  carbon, 0.25 to 0.65 free 
carbon, 0.05 silicon,  and 0.04 iron, and with  carbonyl-process  nickel 
or  iron.  Proportionate  amounts of these -325 mesh powdkrs were..milled 
together  to  yield-  specimens of the following nominal weight-percent 
compositions: 15, 20, 25,- and-30 nickel; 10, 20, and 30 iron.  The  cold 
pressed  bodies  were  compacted  at- 50,000 to 60,000 pounds  per  square  inch 
at room temperature  and  vacuum-sintered  at 2700° to 2800° F; the hbt- 
pressed  bodies were-cowacted at 2000 pounds per square inch-at 29000 t o  . 
2970° F in @;raphite_moLd&" -1. _i- . . . ." . . .  . I. . . . . .  ." 
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Chemical  analyses of representative samplgs of the  bodies  are shown 
in  table I. Because of the discrepancy  between  the nominal and  the 
actual  metal wmlyses, the  average  metal Content based on the  chemical 
analyses will be  used  throughout  the  text. The iron  and  tungsten . . . . .  

contamination  in  the  bodies  probably  occurred during the  milling. V 

" 
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After the spechnens  were received  from the fabricators,   they w e r e  
inspected  for-surface.and  inter-1 flaws by  fluorescent o i l  and radio- 

t o  be suf f ic ien t ly  sound t o  -warrant  e-ation. 
" graphic methods, respectively.  The inspection results showed a l l  bodies 

.. 

Metallographic  Examination 

Metallographic  specimens w e r e  obtained by cut t ing  a small sample 
from the test  specimen. In order t o  minlmize frafpeiitation of the 
tens i le   f rac ture   p lane  by the  diamond abfas,ive-cut-off disc, nickel was 
plated onto the fractured surfaces p r io r   t o   cu t t i ng  the specimens axial ly .  
A l l  specimens w e r e  then prepared by the usual metalloGaphic  polishing 
procedures f o r  hard materials and examined a t  m i o u s  magnifications. 
M u r a k m i l  s reagebt  for the etching of carbides m a  used t o  reveal   the  
microstructure. 

Density  Evaluation 

The dens i t ies  of samples taken from the ends of both  tensile  and 
modulus-of-rupture  specimens pr ior  t o  t e s t ing  were determined by the 
method of  d i f f e ren t i a l  w-eighing i n  air and i n  water. The er ror  in these 
determinations was e s t a t e d  t o  be less than fl.01 gram p e r   m f l l i l i t e r .  

* Oxidation  Evaluation 

Y 
Oxidation  specimens were prepared by sectionin@;  rectangular  prism 

approximately 5/16 by 5/16 by 1/2 inch f r o m  the ends of the cold-pressed 
t e n s i l e  specimens . 

A specimen was wefghed, placed upon a f i re-clay  br ick,  and heated 
i n  a conventional-type Globar muff l e  furnace at 1800°, 2000°, or 220O0 F 
i n  8 stagnant air atmosphere f o r  times up t o  150 hours. At definite 
in te rva ls ,   the  specimen WBS removed fromthe  furnace,  air-cooled, 
reweighed,  and returned t o  the furnace  for further oxidation. A l l  
handling  operations were performed  very cazefully both t o  preserve the 
oxide as a continuous  coating, if possible,  and  to  conserve the oxide 
flakes i f  the coating  spalled during cooling. The oxidatfon data were 
then  calculated  in  terms of w e i g h t  change per  unit  area (mgs/sq c m >  . 

w 

Modulus-of-Rupture Eva lu t ion  

* Rectangular modulus-of -rupture specFmens apgrox-imately 1/4, by 1/2 
by 4 inches w e r e  prepared  by  finish-grinding  rough bars fabricated by 
both the cold-press and hot-press.techniques. 
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0 maluations  were  conducted  at lsOOo, 2O00oL 2200°,- and 2&O0 I? 
- +10 F with  the  general apparatus and  procedure o f  reference 2. The 
test--consisted of supporting  the  gpecinen  upon.two  silicon  carbide 
knife  edges  spaced 3.5 Ynche~  apqt and loading  at  the  center  through a 
third  .opposing knife edge.  Oxidation  of  ..the specimens during  test- was 
minimized by placing  the  specimen and knife edges  in a closed  protectLve _ -  
atmosphere  chamber.  mounted  within  .the  furnace. An argon  flow of 40 cubic 
feet per hour wa8 ueed during the tests. After the specwen was pLaC0ii 
in  the  atmoaphere-.chamber, Lo minutes was allowed  for  the  specimen to 
heat  to  the  evaluation  temperature.prior  to.loadlng. . A  nominal  loading . .  

rate of 2000 pounds  per  square  inch  per  minute in.the extreme outer fiber 
at the specimen  midpoint was used. The  specimen  temperature was measured 
by  the use of a platinum - platinum - 13-percent-rhodium  thermocouple. 
The  rupture-strength  calculations  were  based on the  original~dimensions, 
because  oxidation  dld  not  appreciably  affect the dimensions. 

. .  

. . .  

." 
Tensile  Evaluation 

Elevated-temperature  tensile-strength  evaluations  were  conducted 
wing a conical-end  ipecimen  and  the  general  procedure of reference 4. 

The spechens were.  prepared by the  'cold-press W n i q u e  8nd.  were . : 

finish-ground.to a 0.5-inch  diameter.wit;h a.l.25-inch gage length. The 
apparatus  consisted of a universal  hydraulic  tensile  machine (0.50 per- 
cent maximum machine error) fitted  with an automatic-temperature-controlled 
commercial G l o b e  tube  furnace. The furnace was modified  in  order to 
maintaiu a helium  atmosphere  at a slight  positive  pressure- dthin the 
furnace  tube. Spechen temperatme was measured with a platinum - 
platinum- -13-percent-rhoTlium  thermocouple  located at the  center of the 
gage  length. 

. -  . .  . .. 

I -  

.. . . 

Bending  stressea  in  the  specimen  were  niiuiaized by room-temperature 
allnement of the specimen and the  linkage.  Measuremen!s of misalinement 
were made with  yire  strain  gages'mounted on the spechen at YOo radial 
positions at the center ofthe gage  length  and at nominal loads of 500 
and 3000 pounds  per  square inch. Specimen a l i n & n t m s  considered 
satisfactory  when the bending stresses were  less  than 20 percent- of the 
average  tensile  stress. 

.. . 

" 

.- 
t 

Mter alinement,  the  specimens were raised to the  tes-ktemperature 
and  soaked f o r  X/2 hour  at a nominal load of 500 pounds per squaie inch. 
All were  evaluated  at 200O0 +12O F and  at a nominal loading  rate  of 
2000 pounds  per aquare inch per minute.  Since oxidation was not appreci- 
able,  the  strengths  were  cbmputed  with the original  areas. 

. .  
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Thermal- Shock m l u a t i o n  
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reference 4. The quenching chaniber was modified to   prmide  increased 
air velocity  over the specimen  by  decreasing the  inside  diameter  from 6 
t o  3 incdes  through a suitably  designed  venturi  section. 

, Therl4$i-shdcb teits  w&e d d e  4 t h  tfie apparatus and proceaiwe of 

Thermal-shock specimens, 2-inch diameter disks 1/4 inch  thick, w e r e  
prepared'by  the  cold-press  technique. The tes t   cons is ted  of placing the 
spechen i n  a -furnace a t  evaluation  .temperature f o r  10 minutes,  then 
quenching i n   a n  air stream t o  70° t o  80° F. The specimen was t ransferred 
from the  furnace  to   the quenching chamber by the  use of a spring-loaded 
holder  (fig. I). Progressive  testing was carried out a t  1800°, 2000°, 
2200°, and 2 W 0  +20° F; a t  each  temperature the specimen was quenched 
25 times f o r  a cumulative t o t a l  of 100 cycles  or t o  failure, whichever 
occurred first.. Quenching air was suppl ied  to  the specimen at a velocity 
of approximately 265 feet per  second  and a flow of 50 st2 pounds per minute 
st 70°. t o  80° F. One specimen of each  composition that survived these 
conditions was quenched an additional  25  cycles from 2400° F i n  160 f3 
pounds of air per  minute a t  an  approximate  velocity of 495 f e e t  per 
second. Upon sa t i s fac tory  completion of the  progressive  thermalrshock 
t e s t s  -at 50 pounds per minute, and a lso  at 160 pounds of air per minute, 
the  specimens were inspected  rediographi+lly  to  determine whether 
in te rna l  failure had occurred. 

RESULTS AND DISCUSSIOR . 

Materials Structure 

The  microstructures of titanium  carbide  base  ceramals  containing 
nickel and iron  additions in the  as-received  condition a r e  shown i n  
f igures  2 t o  5. I n  all the  cold-preas,ed  and  hot-pressed  nickel  and 
iron  bodies it appears tha$ some bonds exist between the  carbide grains; 
however, the  area of the bond and the  number of bonds decrease as the 
metal content  increaees. 

A comparison of figure. 2 with 3 and figure 4 with 5 shows that the . 
cazbide  grain  s ize   af ter .s inter ing was much larger  in  the  bodies  pre- 
pared by the hot-  ress %hod thap in   the   boa ies  prepared by the cold- = ,f 
press method. ( d s  dif erence could reasdnably be e'cted sidce the 2 
s i n d r i n g  ter$&ature highkr, i A  the 'hdt-prdss m s o d ,  e& thdugh tbe 
tide dt  temp ature  wd8 mdch sharter.  ) 

The degree of porosi ty   ( f ig .  -2 t o  5) in   the  nickel   bodies  w&s 
observed t o  be approximately the same f o r  the cold-pressed  and  hot- 
pressed bodies; however, i n  the iron  bodles  the  hot-pressed  compositions 
exhibited the greatest   porosity.  A comparison of the measured densities 
i n  table I1 with the  calculated  densit ies confirms this obsemt ion .  
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I n  figures 2 t o  5 the  carbide grains i n  both the -nickel  and  iron 
bonded bodies show w h t  appears to be a "cored".structure  within the  
grain as evidenced by the d i f fe ren t ia l   e tch ing   charac te r i s t ics  acrosB 
the grain.  Since the cold-pressed  and  hot-pressed  nickel  bodiee  and. . 

the hot-premed  irou  bodies were -sintered at temperaturea abwe the 
melting point of the respective metals (melting  point  of--nickel 2651O F, 
i ron  2802O F) and the cold-premed-iron  bodies were s intered  within 
1000 F of the melting point- of pure iron, the s in te r ing  undoubtedly 
occurred i n  the presence of' a l i qu id  phase. 

Wyman and  Kelley  (reference 5) and-Meerson  (reference 6) have 
established that  tungsten carbide- grain growth  occurs in   tungsten 
carbide - cobalt  bodies when sintered in the  hresence o f i l i q u i d  phaee. 
These invest igators  found that a- portion of the tungsten  carbide was 
dissolved by the  cobalt  and subsequently  deposited on the remaining 
undissolved  tungsten  carbide during copling. 

" 

. .  

The "core," which is  of irregular shape  and n o t i n  conformance with 
t he   f i na l   g ra in   ou t l i ne ,  may have been  undissolved  titanium  carbide upon 
which prec ip i ta t ion  of titanium  carbide from the   l i qu id  phase may have 
occurred.  Further  agreement that these "cores" m y  be  undissolved 
carbide  par t ic les  was found i n  the measurement of the erize of-the core. 
I n  the cold-pressed  and  hot-pressed  bodies.tbe.se measurements show the 
co re . to  be o f . a . s i z e  comparable to the.  larger  carbide powder p a r t i c l e  
s izes  that were repor ted . to  have been  used by the fabricators .  Thia 
coring phenomenon is  much  more apparent i n  the visual microexamination 
than i n  the photomicrographs  and is also more apparent i n  the hot=pressed 
bodies. 

Oxidation 

The oxidation .of titanium  carbide  and  titanium  carbide base ceramals 
containing  nickel  and  iron was observed to follow the general growth l a w  
wn = kt,  proposed  by Lustman and Mehl (references 7 and a), where 

w weight  gain, mg/cm 2 

n reaction  index 

k reaction  constant 

t time i n  hours 

By p lo t t i ng  weight  gain as a function  oetFme on a log--log  scale 
( f ig s .  6 t o  .a), s t r a igh t   l i nes  were obtained fo r  the  oxidation time 
periods  investigated. The best l l nes  w e r e  determined  by  application of 
the method of least s q w r e e f o r  curve -fittis-:to the &per&ental data 
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(reference 9), and  the  reaction  index n and the  reaction  constant k 
were calculated. These values  for n and  k are presented i n  tab le  ELI. 
Changes in  the  reaction  index n are indicative of changes i n  tlie 
mechanism of oxidation. For a pmticula;r material and temperature, a 

- 
OJ . change ta a greater value of n ( n  approaching the  parabolic  value of 2) 
N would be  beneficial   to  the  oxidation  resistance of the  material because cn 
cu it indicates  that   diffusion  across a ba r r i e r  film is becoming the con- 

t r o l l i n g  mechanism, as compared t o   t h e   l i n e a r  growth mechanism (n = 1) 
where the  interface  react ion is the  controll ing  factor,  that is, where 
oxide  grarth i s  independent of the  thickness-of the reaction  product. - 
For  convenience i n  the  comparison trith  parabolic growth,  dashed l ines of 
slope 1/2 ( n  = 2)  representing  the  parabolic growth rate have been 
included i n   t h e  figures. 

Unalloyea titanium carbide  (fig. 6) showed single reaction  indices 
at both.l80O0 and at 2000° F, although  the  actual  indices  differed. The 
reaction  index  value n at 1800' F was 1.70 fo r  times up t o  50 hoUr8; 
an  increase i n  temperature t o  2000° F caused the  oxidat ion  to  become 
more nearly l i nea r  with a reaction  index  value z1 ' of 1.32 fo r  times up 
t o  75 hours. At-  these.t imes  testing was discontinued  because of crack- 
ing of the  oxide  coating. At 2200° F, however, the  oxidation was  found 
t o  be a two-stage  process  wherein  oxidation  proceeded  with a reaction 
index  value n of 1.46 f o r  the first 25  hours and then began t o  fo l low 
approximately  the  parabolic growth law.for times up t o  100 hours.  During 
t h i s  second stage-of  oxidation, the reaction  index was 2.13. The fac tors  
causing  the change in the  oxidation mechanism are unknown at t h i s  the. 

The oxidation of unalloyed titanium carbide &s been  previously - 

investigated a t  temperatures of WOO,  90Qo, and 10aOo C (1472O, 16520, 
and 1832O. F) by Cockett  and Watt (reference 10). Their  data do not 

is  due t o  the differences  in   the methods used. 

1 

Y agree e t h  the data of this investigation. The discrepancy  probably 

Nickel  additions to   t i tanium  carbide  ( f ig-  7) groduced two stages 
of oxidation at each of the three temperatures, 18go, 2000°, and 2200° F. 
The e f fec t  of nickel additions on the  reaction  index of titanium carbide 
during  the f i rs t  stage of oxidation at 18000 and 2000' F was to decrease 
the  index  and  thereby  to  came  the growth rate t o  become  more nearly 
l inear ,  whereas a t  2200° F the-reaction  index was increased  and  thus 
caused the growth rate t o  more nearly  approach  pargbolic. The growth 
rate for   the  second  stage of oxidation a t  these three temperatures w a s  
found t o  be  approximately  parabolic. A comparison of the time required 
t o  i n i t i a t e   t h e  second stage of oxidation cannot be made a t  1800° and 
2oOo0 P for   the  nickel  ceramals  and  unalloyed  titanium  carbide3 at 

time w a s  about  the same as for  unalloyed  ti%anium  carbide,  approximately 
25  hours. 

I 2200' F the  nickel additions  did  not  appear  to have any effect, aa the 

.h 
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Tbe addi t ion  of .nicke1 t o  titanium  carbide  improved.the  character- 
i s t i c s  of the oxide film at--18000  and 2000° E-by  preventing the cracking 
which was noted for unalloyed  titanium  carbide  and by increasing  the 
aherence of the  oxide  coating. . . . . . .  . .  

The e f f ec t  of  i ron  addi t ions op the  oxidation of titanium  carbide 
at l8OO0 F.ms tcrdecrease  the  reaction  index (table I11 and f i g .  8 ) .  
The i ron  ceramals at 18W0 F did not exhibit a second stage of oxidation 
for   the   l engths  of tihe investigated (150 hours). The addition of i ron  
increased  the  oxide  adherence-and  prevented  cracking of the   sca le  a t  
1800' F. . .  . -  

A t  2000° and 2200° F t h e  ir.on  ceramals exhibited two stages of 
oxidation  (fig.  8 ) .  In the f i rs t  stage of oxidation  the 11.8 weight:: 
percent a t  2 0 0 0 ~  F .and a l l  compositions a t  22000 F ox iazed   e s sen t i a l ly  
l i nea r ly  with n values  rangingfrog  0.90.to..1-.04,  suggesting that the 
mechanism was controlled by essentially an interface  reaction  procees.  
A s l ight   increase  in . the  react ion. index (p). occurred-at  the second s tage  
of oxidation at 2000° F; however., the oxide film began t r - c r a c k  at the - 

long exposure times and a deviation  toward more .rapid  oxidation  could be 
expected ( f ig .  9 ) .  I n  the, second stage  of.oxidatioq a t 2 2 O O 0  F a l l  of 
the iron  compositions  followed  approximately the parabolic growth ra te ,  
but  at 50 hours the oxide films had cracked  sobadly that further t e s t ing  
m s  discontinued. 

The oxidation  properties of a 20-weight-percent~obalt  ceramal have 
been  investigated at .L800° F by Redmod an3'Smith  (reference 11). Their 
data cannot be d i r ec t ly  compared with the nickel .and  i ron ceramals of 
th i s   inves t iga t ion  as they measured the increase  in  thickness  per  face; 
therefore,   the 20-weight-percent~.cobalt ceramal was included i n   t h e  
pres.ent .at.u-_dY t o  provide .a basKs. of compwison.  to.  deternine. i f  nickel  o r  .. 
iron  could be substi tuted f o r  the more s t ra tegic   cobal t .  . . . . .  

The 20-weight-percent cobalt  ceramal behaved, ' in   general ,   . in  the. -_  
same manner as t he  nickel ceramals ( f ig .  10). Two stages of oxidation 
occurred at a l l  temperatures for time periods to S O  hours. 

F The effect  of iron,  nickel,  and cobalt-on the oxidation  resistance 
i' of titanium  carbide is  s h m  i n  figure.11 where the  50-hour weight  gain 

additions did not improve the  oxidation  resistance of titanium carbide. 
I is plot ted  against   the  metal content. A t 1 8 O o 0  and 2000'. F the metal 

' A t  2200' F the bodies with nickel  additions of 13.3 and  18.2 w e i g h t  
,. percent showed. less. . & n  .than  pure titanium carbide,  -and  higher 

q metal additions were  about  equivalent. In  general- metal additions ,to 
. t i tanium. carbide ... - ...... -. .showed e: - tendency - t o  profid.e-.oxi&tior.i j r C d u c t s - % i  ' were" more tightly adhering and more crack-free . . . . . .  ( f ig .  9 )  . 

.... . ....... --- " 1.: - 
It would appear that. i n  future investigations, when the effeck-of  - 

a metal addi t ion   to  the pure carbide i s  considered, more accurate 

. .  

. " 

k 
. . .  
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comparisons  might  be  made on the  basis of measurement of depth of oxide 
penetration  rather  than  weight  gain  to  elhiinate  the  effect of relative - weights of oxidation poducts. 

01 A comparison of the  substitution of nickel  and  iron  for  cobalt  on 
cu oa cu the  basis of the  50-hour  weight  gain  indicates  that  at 1800° F nickel 

and  iron  are  about  equivalent  to  cobalt.  At 2000° ind  2200° F the  nickel 
is  equivalent  to  the  cobalt  and  both  are  better  than  iron. 

A comparison  of  these  ceragal  materials  with  other  more  common  heat- 
resisting  materials  is  interesting.  Figure 12 is a bar  graph of the 
=-hour  weight  @in  for  five  steels  tested  at 2010°-F (reference X ) ,  
titanium  carbide, and the  best  ceramal  compositions  tested  at 20000 F in 
this  study. Although the  titanium  carbide  and  the  ceramals  have  better 
oxidation  resistance  than a 12-chrome  steel,  they  have  poorer  resistance 
than  the  other  steels.  Redmond  and  Smith  (reference ll), found  that 
addition  of a tantalum-columbium-titanim carbide  solid  solution  to 
titanium  carbide  base  ceramals  increased  the  oxidat€on  resistance  tenfold. 
Based on this  tenfold  reduction,  the  solid  portion of the  bar  for the 
cobalt  body  indicates  the  expected  weight  gain  for  this  ceramal  if  it 
contained  the  columbium-tantalum-titanium  carbide  solid  solution  discussed 
in  reference ll. If the  oxidation  resistance of the  other  ceramals could 
be  equally  improved  by  such  an  addition,  their  new  oxidation  resistance 
would  be  somarhat  greater  than  that of 17-chrome  and  25-12  steels,  but 
would  still  be  lower  than  that of a 27-chrome  steel. 

Modulus  of  Rupture 
I 

The  trend of the  ceramals  strength-temperature  .relation  is sham 
by  the  results of testing  one  specimen  of  each  composition  at  each c 

'-' 
= k 

U temperature  (fig. 13). Both  nickel  and  iron  ceramals,  exhibite 
decrease  in  strength  witp  in  reasi?  temp  rature.  (TTe ldw str 
obseked dt  2260° a h  240O0 d e  of doub ! ful acdracy.5 The general 
trend  for  nickel  and  iron  ceramals vas that of decreasing  strength  with 
increasing  metal  content. .&oWies  east for  the  hot-pressed  nickel 
bodies  tested at 1800" F and  the  hot-pressed iron bodies  tested at 2000' F. 
It  is  believed  that  these  values  are  not  representative  since  they  do  not 
follow  the  established  trends. 

A comparison  of  the  bodies  produced by the two fabrication  methods ~ 

employed  indicated  that  the  conaitions  used  in  the  cold-press  method  for 
nickel  additions  produced  the  better  ceramals  far  use  at 180O0 to  2200° F; 
however, at 2400° F the  strengths  of  the  bodies  are too low to  permit a 

techniques will result in improved  body  strengths. 
I comparison. It is  probable  that  further  development of the  fabrication 
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In   o rder   to   de te rmine   the   p rac t icabi l i ty  of subst i tut ing  the  lese  
s t r a t eg ic .  metals, nickel   or   i ron,   for   cobal t   in   t i tanium  carbide base 
ceramals, their elevat-ed-temperature strengths must be compared. I n  
f igu re  14, the  observed  strengths of the  best-nickel  and  iron  bodies 
have  been plot ted  against  the best-values reported  by  reference 2 f o r  the ic 
20-weight-percent  cobalt body. If the s ingle   - tes t .values   for   the  -nickel  - - u  
and  iron  bodies  can be considered as representative  values,  nickel and 
i ron  cannot  be  considered as a repl&cer&nt f o r  .cobalt-;- 

i 

h: 

cc 
- 
. .  

Tensile  Strength - .  ." 

Ultimate-tensile-strengt5 values at test temperature of 2000~ F for 
hot-pressed  titanium  carbide  and for cold-pressed  titanium  carbide base. . -  - 
ceramals  containing  nickel  and-iron  additions are presented  in table I V .  
The values  obtained  for  hot-pressed  unalloyed  titanium  carbide are 
believed t o  be low since g f l a w  was observed in the fracture   surface of 
each of the bodies tested; These in te rna l  f l a w s  were..not observed i n  
the radiographic  -inspection. 

. .  

. .  
. - - 2  

.- - - .  . 

The data i n   t a b l e  IV &e p lo t t ed .   i n   f i gu re  E. An addition of . .. 

approximately 13.3 weight  percent  nickel (7 .9  volume percent), Wfiich 
was the  minimum nickel  content  investigated, yielded. the  highest   strength 
o f . a l l  composition  studied,  but.increasing  nickel  content above 13.3 
weight  percent  decreaae&tSie  strength  linearly.  Iron  additions were 
found t o  be detr imental   to   the strength properties in a l l  cases;  .the 
strength  decreased with increasing  metal  content  and was less than the 
strength of t he   n i cke l -bdes .  

. .  
. . .  "3 . ". 

.L 

" 

. . . . .  . . ~ 

D 

A considerable  difference ims noted i n  the manner i n  which nickel 
and iron  titanium  carbide  bodies failed dur ing te s t ing .  All- of the  . 

nickel  compositions  and the 11.8 weight-percent (7.8 volume percent] - 

iron  composition  failed.ugon  reaching the ultimate strength value; 
however, the  20.2- and  29.2-weight-percent (13.7 and-20.5 voltime percent) 
iron  compositions began. to  elongate when the ultkte strength was 
reached  and  brake a t  a Lower load. T h i s  divergence.  from the  character- 
i s t i c s  of a brittle'material was not as apparent i n  the 20.2-weight- 
percent  bodies a s ' i r t h e  29.2-weight-percent  bodies.  Apparent small 
reductions  in area, 0.4 t o  0.8.perdent,-were-  noted  for the 29.2-weight- 
percent  bodies  and  examination of .the spec.%.ns showed tbt- many cracks . 
had occurred i n   t h e   t e s t s e c t i o n   p r i o r   t c r r u p t u r e   ( f i g .  16) .  These 
cracks were not confined t o  the surface material but extended i n t o  the 
body. These phenomena. ind ica te  that a small mount of p l a s t i c i t y  must 
have exis ted in some component o f .  the  29..2-weight-percent i ron  bodilea. 
during the lest stage  -of  the test: - - 

. .  . . .  . . .. . 

-- - 
L 

The path of fracture  in  unalloyed  hot-pressed t i t an ium carbide- . 

tested i n  tension et-- 2000° F WBS found t o  be  both  transgranular  and. . . . 
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intergranular.  Figure  17 shaws an internal  crack  adjacent  to. the 
fracture in which the f rac ture  path is approxLmately W percent  trans- 

i n  t h i s  materia because of the presence of graphite and  vo'ids i n  the 
- granular. A cer tain amount of intergranular   fa i lure  would be  expected 

tn grain  boundaries; the graphite  and  voids  decrease  the  effective  stress- 
N r e s i s t i ng  area of the boundary. 
cia 
N 

3 
2 

t h b  fracture surface in 13.3- and- 18.2-weight-percent nickel  bodies, 
and i n  20.2- and  29.2-weight-percent i ron  bodies, respectively. It caq 
be seen that increasing m e t a l  content  in the range investigated does  not 
alter the f rac ture  path. From this study, it appears that the following 
factors  influence the frac ture  path: completeness of the carbide  net- 
work; the "coring"  effect   in the carbides; and the nutiber and  distributfon 
of voids   and  bpuri t ies .  The function of the  metal is not  agparent  but 
would be expected t o  influence  intergranular  failure whenever the m e t a l  
phase i s  the weaker component i n  the body. 

Thermal Shock 

"he results of the  thermal-shock  evaluation are presented i n  table V 
and figure 20. The addition of either nickel  or iron to  t i tanium  carbide 
*roved the thermal-shock resistance.  Pure titanium  carbide failed a t  
a teIqerature of 1800° F-aSter  a maximum of  9  quenching cycles, whereas 
the bodies  containing metal did not f a i l  u n t i l  2400° F was reached  and a 

minhnui of 8% cumulative  quenching  cycles had been completed. O f  the  

two addition metals, nickel gave better shock  resistance. Bodies- con- 
ta ining frm 13.3 to'22.7  weight  percent of nicke l17 .9   to  14.1 volume 
percent) did not fa i l  under the  most severe testing conditione used, 
whereas bodies  containing  iron failed at 240O0 F after a cumulative t o t a l  
of 85 t o  97 cycles when quenched uith 50 pounds of air per  minute. The 
20.2-weight-percent  (13.7 volume percent)  iron  bodies  appeared  to be 
slightly. more .res;tstant than the other i ron  comgositions. 

U 

The 28.3-weight-percent (18 .O volume percent)  nickel  bodies were  - - 7 K - Z -  
found to   conta in  a f i n e  network of internal  cracks upon radiographic -L 
inspection following c l e t ion  of t e a t i  a t  2400° F with a 5o-pounF- 
peF-minuFe a r quench .Ti%e 21 shdws t 2 e f ihe  netwbrk d-p crLcks i n  . 
the bodies a i  shotm radiogr  hically.)  Metallographic  examination of 
these bodies  revealed that they had been s o  badly shattered during the 
test that the f rac ture  path could  not be traced. 

I 

k The path of f rac ture  after shock tests, in titanium  carbide  base 
ceramals containing  iron, was found t o  be approximat-ely 50 percent 
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transgranular  and 50 .percent  intergranular. No significant  trend with 
increasing m e t a l  content i n   t he   pa th -o f   f r ac tu re   i n  these bodies was 
noted. Similarity i n  the fracture  paths  in  bodies tested i n  tension . 

and i n  thermal shock would be expected, since Nortan (reference 13) has 
shown that failure in disks and i n  spheres on sudden cooling i s  caused 
by tension. 3 

r 

" .  . 

3 

FXBMARY OF RESULTS 

The following results were obtained f rm-a determination of the 
elevated-temperature  properties  and  characteristics of tsltanium carbide 
base ceramals  containing  nickel  or  iron. 

1. I n  oxidation tests, unall'oyed titanium  carbide and the nickel 
and i ron  ceramals were  found t o  f a l l o w  general  oxide growth laws. These 
materials exhibited two stages of oxfdation, the last- stage  approxfmating 
the parabolic growth law. -:In.general,. nickel ceramals were faund t o  
exhibit  better oxidation  properties  than  the  iron  ceramals and addition 
of either  nickel o r  iron t o  titanium  carbide  decreased the oxidation 
resistance; however, both ceramals at 1800° F and nickel ceramals at 
2000° F increased the &de adherence and crack resistance.  

2. A t  a temperature of 2000' F the.  13.3-weight-percent- n i c k e l  
ceramal had an  average  tensile.  strength of 16,150 pounds per  square  inch, 
whereas the -11.8-weight=percent i ron ceramal had an  average t ens i l e  
strength of 12; 500 pounds per-.iii@&re inch: Further n-lckel o r  i ron 
addition8 t o  titanium  carbide  decreased the tensile strength. The high- 
e s t  value obtained for unalloyed  titanium  carbide was 16,450 pounds per 
square-.inch. " .. . 

. .  

. .  

- 

. 
t 

3. Ceramals containing 13.3 t o  22.7 weight percent  nickel  survived 
100 cycles of  thermal-shock testing; however, the i ron ceramals failed 
i n  85 t o  97 cycles. The 20.2-weight-percent i ron c e r d w a s  found t o  
be s l igh t ly  better than  the.other  iron compositions. The addition of 
either metal to  titanium  carbide  greatly  increased the thermal shock 
resistance.  

. .  

. " 

" - 

. .  .- - 

4. Microscopic  study of ceramal ' tensile and  thermal-shock fractures 
revealed that the path of fracture  progresses approximately 50 percent 
intergranularly and 50 p-ercent  tranegranularly. 

Lewis Flight  hcopulsion  Laboratory 
Mational  Advisory Canrmittee for .Aero&ut$cs 

Cleveland, Ohio. 
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TABLE 1 - CHEnICAL COnW8ITION OF TITANIUM CARBIDE BASE CEJWHAL3 

305  63.31  13.25  16.17 14.82 
306 65.11 13.20 16.41 

2.36  3.66 Do. 
307 

15.22 . 2.13 
15  13.52 8.01 9.25  65.03 13.22 15.71 

3.60 30. 
309 

13.54 
65.15  13.82  15.69 13.68 

1.70 None Hot preen 
2.00 do. DO. 

%ickel  not analyzed, 

. .. . . .  
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TABLE I1 - DENSITY OF TITANIUM CARBIDE BASE CERAMALS 

a d d i t  l o  fabrication 

NickeLaddition 
30 4 Cold presa 5.33 5.34 13.3 

. 305 5.33 

3011 
5.33 30 6 

DO 
Do. 

5.37 
301 3 

DO 
5.37 DO 

30 7 13.5 5.19 
308 

5.15 Hot press 
5 .?2 DO 

3 P4 
3P5 

18.2 

3P6 
3P12 
3P13  

22.7 

3Q6 
3Q7 20.1 
3Q8 
3R4 .. 28.3 

5.59 
5.49 
5.51 

5.51 
5.49 
5.49 

5.31 5.26 
5.20 

5.62  5.59 

5.35 5.42 
5.43 

5.74  5-60 

Cold press 
Do. 

Do. 
DO. 

Do. 

Do.  
DO. 

Hot press 
Do. 

Cold Dress 

Do. 

Hot P B E S  

Cold press 

3 R 5  I I I I Do: 
3R7 I 25.7 I 5.47 

~ ~~ 

Iran addit ion 
3s4 11.8 5.35  5.34 
3s5 5.33 
3S6 5 -34 
3S12 5.33 
3,314 5.32 
3s 7 11 .o 4.99  4.66 
359 4.71 
3T4 20.2 5.41 5.53 
3T5  5.53 I 

Cold press 

DO 
Do.  
Do. 

Hot press 

3T6 
Hot press 4.86 5.34 20.2 X 8  

Do. 5.52 

3T10 4.81 DO. 
3U4 . 

3u5 
5.47 29.2 5.65 Cold press 

5.62 DO 
3U6 5.71 DO 
3 U 1 3  5.84 Do. 
3U14 5.91 Do. 

I 

3u7  21.7  5.43 . 5.04 
Do. 3u9 5.07 

Hot  press 

'ComputatAons based on eesumption of mechanical mixture 
of constituents and on average chemical -lysis. 

. . .. 

. 
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TABLE TI1 - OXIDATION VALUES FOR GENERAL EQUATION # = kt FOR 

TITANIUM CARBIDE BeSE CERAMALS 

First line of entries  under  each  metal  addition I s  first- stage of oxidation; 

. .  

second  line I s  second stage3 "297 
Metal Reaction  Reaction  Reaction  Reaction  Indicated t lmes Reaction  Reaction 
addition 

percent 1 
n k n k oxidation  rate k n (weight 

index  constant  Index  conatant for change Fn constant  index 

Test temperature ?F (b) 

180Q 2200 2000 Test  temperature 

1800 120001  2200 
(OF) 

Unalloyed  titanium  carbide - 
0 None None 27.79 1.46  3.36  1.32 3.53 1.70 

2.13 

2.&2 I 1.29 I 5.58 I 1.65 I 45.27 

574.38 25 
Nickel 

- 

13.3 

18.2 

1.41 
1.84 
1.42 
1.88 

22.7 1.46 
1.93 

28.3 1.59 
1.88 

29.2 1.57 " 

12.54 

670.24 2.15  181.92 2.10  22.08 
168.55 I .a6 4.90  1.17 3.90 
242 D 78 2 .oo 36.42 1.80 18.84 
95.24 1.81  5.46  1.22 3.08 
242.78 2.04  52.94 1.90 

5.76 1.18  4.60 1. 91a 214.68' 
16.70 2.01 

252.  3b 1. 95b 
1882.Sa  2.35=  108.12 

21 

50  19  25 

LI.UII 

1.12.. 

7 18 
None 15.97 

1186.4 1.99 
1.04 

41.72 1.75 
13.82  1.45 6.02 

6 14 824.4 1.97 37.81 1.74 
N o n e  8.86 0.90 5.07 1.18 3.78 

12 12 1195.3 2 .OO 27.76  1.65 
None 7.64 0.94 2.55 0.97 

. .,. 
. .  
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TABLE IV - TENSILE  STRENGTH OF TITANIUM  CARBIDE 
BASE CERAMALS  CONTAINING N I C K E L  AMD IRON AT 

2000° F AND LOADING  RATE OF 2000 POUNDS 

PER SQUARE INCH PEX MINUTE 

Average  metal 
strength addition 

Ultimate  tensile 

Specimen (lb/sq in* ) (Volume  (Weight 
number ( 4  percent)  percent) 

Observed IAverage 

3A4 15,400 14,4OOb 0 0 
Titanium  carbide 

6 16,450b 0 0 

Nickel  addition 
304 

17,600 6 
16,150 17,100 5 

13,750 7.9 13.3 

3P4 15,250 11.1 18.2 . 

5 -  14,850 14,800 
6 

19,8OOc 14.1 22.7 3Q4 
14,500 

12,800 6 

11,200 18 .O 28.3 3R4 
12,500 6 

d 5 13,100 13,600 

5 11,650 10,900 

Iron  addition 
3s4 12,350 7.8 11.8 

5 -  12,500 12,750 
6 

8,600 13.7 20.2 3T4 
32,350 

7,900 6 
5 8,250  8,200 

3u4 5,700 20.5 29.2 
5 . 5,750 5,800 
6 5,700 

%&lues rounded to nearest 50 lb/sq in. 
bFlaw at" break. 
'Loading rate, 4000 lb/sq in./min. 
dAverage of values for 3Q5 and 3Q6 

. 

c 

. .. 
b 

I 
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TABLE V - THBRMAL-SHOCK EVALUATION OF TITANIUM  CARBIDE BASE 

CERAMALS AND HOT-PRESSED TSTANIUM CARBIDE 

Specimen  Average  metal Number of cycles  comgleted Radiographic Total 
number addition  50 ' lb air/min inspection 160 Ib air/min 

quenched from 9 results enched from 
'lam( -1 22001 24QO 2400° F 

Tltanlim carbide 
3A13 
3A14 

2 2 0 0 

3Al5 
9 
1 
H 

3A16 4 
3A17 1 
3A18 2 .  

None 
9 Do. 

Do. 
4 Do. 
1 
2 

Do. Do. 

1 
2 
- 

Nickel  addition 
302 13.3 

Satisfactory 125 25 25  25 25 25 11.1 18.2 3P1 
303 

Satiafactory 125 ' 25  25-  25  25  25 7.9 

3P2 
3P3 
3Q3. 22.7 14.1 25 25 25  25 
302 

25 

323 
Visible  crack  plus 100 25 25 25  25 18 .o 28.3  3R1 

100. 

100 

Do. 

Do. 100 
m. 

125 
100 Do. 
100 Do. 

Satisfactory 

3R2 100 
fine cracks 

3K3 

Network of 
fine  cracks 

100  Network of 
fine  cracks 

Iron  addition 
3S2 . I  11.8 I 7.8 I 25 

"+-+ 3u2 

3u3 

Radial  crack  plus 
fine crack 

25  25 Three radial 

93 
Cracks 

Radlal crack 
Radial  crack 18 

25 

2 
1 17- 

lo$ 25 

15 
8% . Hone . 
90 
9 2- 

Radial  craok 
1 
2 Hone 
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(b) 18.2 . .. . weight percent  nickel (ll.1 volume 
- Percent) 

(c) 22.7 weight percent  nickel (14.1 volume (d) 28.3 weight percent  nickel (18.0 volume 
percent) - percent) 

(e) 28.3 weight percent  nickel, ynetched 

v 
C-28380 

Figure 2. - Cold-preesea titanium carbide base ceramala w i t h  nickel In as-received 
condition. Etched with Muralrami 'E reagent. X m .  
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N 
N 
to 
to 

.. . . 

.. - . . .  

(c )  20.1 weight percent nickel (12.3. volume ( 6 )  25.7 ueight  perce&kckel ( 16,2 volume 
percent) 

=if557 
percent) 

c-28381 
Figure 3. - Hot;pressed titanium carblde base ceramals with nickel in as-received 

condition. Etched with Murakami ' 8  reagent. x600. 
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(a) U . 8  weight  percent i ron  (7 .8  volume _ .  -~ 
percent) -s7 .percent) 

C-28382' 

(c)  29.2 weight  percent iron (20.5 vohnne 
percent) 

(a) 29.2 ueiglit percent iron, unetched 

Figure 4. - Cold-pressed titanium carbide  base ceramals w i t h  iron in as-receiT& 
condition. Etched with Murakemi's reagent. ~600.. 
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(a) 11.0 weight percentAroi(7.2 volume 
percent) 

(b) 20.2 weight percent  iron ( ~ 3 . 6  volume 
percent) 

c-28583 

(c) 21.7 weight percent iron (14.8 volume 
percent) 

Figure.5. - Hot-pressed titanium ca2bide baae ceramals with iron id as-received 
condition. Etched with Murakami'e reagent. X600. 

Lo 
N 
W 
W 

I 

x 
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Time, hr 
. . . . -  

Figure 6.  - (Oxidation of unall,oyewit anium carbide, A, (Dashed curve 
. .  

. 1 -  

"--Indicates  parabolic growth.) 
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( a )  13.3 weight- percent nickel.  

Figure 7. - Oxidation of titanium carbide base ceramals containing 
nickel. (Dashed  curve  indicates parabolic growth.) 
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(h) 18.2 weight percent nickel_. 

Figure 7. - Continued. Oxidation of titanium carbide base ceramals con- 
talning nickel. (Dasher3 curve Indicates pa2abolic growth.) 
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(c) 22.7 weigfit percent, nickel. 

Figure 7. - Ccrltinued. Oxidation of titanium carblde base ceramals  con- 
taining.nicke1. (Dashed curve indicates parabolic growth.) 
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Ffgure 7. - Concluded. Oxidation of titanium  carbide base ceramals con- 
ta ining nickel. (Dashed curve  iridicates  parabolic  growth.) 
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(a) 11.8 weigh$ percent iron. 

" 

Figure 8. - Oxidation of titanium carbide base ceramals containing iron. 
(Dashed curve indicates parabollc  growth.) ' 
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(b) 20.2 weight  percent iron. - - - . . . 

Figure 8. -.Continued. Oxidation of' tftanium carbide base ceramals COR- 
taining iron. (Dashed curve indicates parabolic growth.) 
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(c) 29.2 weight percent iron. - - . .  

.-re 8. - Concluded. Oxidation of titanium carbide  base ceramals 
containing iron. (Dashed curve indioates  parabolic growth.) 
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Figure 10. - Oxidation of titanium  carbide  base  ceramals  containing 
20 weight-t. (Dashed curves  indicate parabolic growth.) 
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Figure 11. - Effect of metal  additions on 50-hour oxidatian of titan- 
ium carbide base ceramals. 
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. Flgure 12. - Comparison of 50-hour oxidation  welght gain of t i tanium 
oarbide and t i tanium .carb5.de base oerarnala with steel6 at 2000' F. 
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Figure 13. - Effect of temperature upon modulus of rupture of titanium carbide 
base ceramals. 
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( b )  Hot-press. 

Figure 13. - Concluded. Effect of temperRtWe upon modulus of rupture 
of titanium carbide base ceramals. 
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Figure 14. - Comparison ormodulus of rupture of titanium carbide  base ceramala. 
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Figure 15. - Tensile strength.of titanium carbide base ceramals con- 
talnfng nickel and iron at 2000" F. 
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Figure 17. - Fracture path in  hat-press 100-percent t i tem czbide  b d y  tested at 2000° F 
in tension. Etched with M u r a k a m i  Is reagent. XlX-0. 
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Figure 18. - Srifierfial crack8 at teneile. fY&tures in titanium carbide  base ceramala 
containing nickel tested tenaim at 2000° F. Etched with Murakamils reagent. 
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(h) 29.2 weight. percent iran ( 20.5 volume percent) . 

. ;,. .., m,,, &:A:; 31 
Figure -JS-.- - Internal cracks at  tensile fractures in titaaium  carbide base  ceramals 

contaFning iron tested in tension at 2O0O0 3’. Etched with Muralrami’s reagent. 
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Figure 20. - Themnal-shock reslatanae of titanium carbide base ceramals air quenched with 
50 pounds per minute. 
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